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Summary
Objectives: To investigate the potential of combining T2 relaxation time and delayed gadolinium-enhanced magnetic resonance imaging of
cartilage (dGEMRIC) measurements after autologous chondrocyte transplantation (ACT).
Materials and methods: T2 and dGEMRIC maps were measured in the sagittal and coronal directions in 12 patients 10e15 months after ACT
surgery. Grafts were assessed for bulk full thickness, superﬁcial and deep tissue T2 and dGEMRIC values, and were compared to control
cartilage.
Results: All ACT grafts showed ﬁlling of the repair area to the level of or above the articular surface. Matrix of the grafts lacked the classical
laminar structure and appeared more heterogenous on T2 maps than control cartilage. As compared to control cartilage, ACT grafts showed
signiﬁcantly longer T2 values for bulk tissue as well as for the superﬁcial 50% and deep 50% of tissue except for superﬁcial cartilage in the
coronal direction. dGEMRIC assessment in the sagittal and coronal directions did not show a signiﬁcant difference between bulk, superﬁcial or
deep tissue as compared to the control cartilage. Superﬁcial and deep ACT tissue did not differ statistically in terms of their T2 or dGEMRIC
values.
Conclusions: These preliminary results suggest that, according to T2 measurements, ACT repair tissue at 10e15 months differs from normal
cartilage and probably lacks the preferential collagen arrangement of normal cartilage, while according to dGEMRIC a varying degree of pro-
teoglycan replenishment takes place. Combining these two quantitative magnetic resonance imaging techniques enables a more comprehen-
sive characterization of cartilage repair than before.
ª 2006 Osteoarthritis Research Society International. Published by Elsevier Ltd. All rights reserved.
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Full-thickness defects of articular cartilage in the knee have
a negligible capacity to heal spontaneously and such de-
fects may lead to progressive cartilage damage and joint
degradation1. Autologous chondrocyte transplantation
(ACT) provides a potential treatment option for large focal
articular cartilage lesions after trauma2e6. The composition
of the repair tissue, however, has been reported to vary
from hyaline-like cartilage to ﬁbrocartilage, and a mixture
of these two7. The indentation stiffness of repair tissue mea-
sured in arthroscopy has been reported to improve to
a mean of 62% of the adjacent cartilage in 1 year8.
Only few clinical techniques are currently available for
the assessment of ACT repair tissue. Second look ar-
throscopy enables a visual evaluation of the graft surface
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sess the mechanical integrity during arthroscopy. Apart
from biopsies, techniques assessing the composition of
the grafts are lacking. Magnetic resonance imaging
(MRI) can provide information on the ﬁlling of the graft
non-invasively. However, a recent study showed limita-
tions in the use of clinical MRI to predict the histological
features of ACT grafts9.
Quantitative MRI techniques may provide an indirect
means to assess the composition and structure of articular
cartilage and repair tissue following surgery. The T2 relaxa-
tion time has been reported to be sensitive to the orienta-
tion10,11 and concentration of collagen12, the integrity of the
collagen network13 and water content14 in normal cartilage.
T2 is reported to increase with age
15 and with the severity
of osteoarthritis16. The delayed gadolinium-enhanced mag-
netic resonance imaging of cartilage (dGEMRIC) technique
employs T1 relaxation time measurements in the presence
of the cationic contrast agent gadolinium diethylene triamine
pentaacetic acid (Gd-DTPA)2 and enables an indirect esti-
mation of the ﬁxed charge density of cartilage, mainly arising
from the aggregated proteoglycanmacromolecules17,18. The72
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teoarthritic patients19,20 and it has demonstrated positive
training effects on subjects with osteoarthritis21. It is sug-
gested to be useful for non-invasively monitoring the long-
term progress after osteoarticular transfer and other cartilage
therapies21,22. Further, two previous studies applying the
dGEMRIC technique in ACT grafts have reported T1 relaxa-
tion time values comparable to that of adjacent cartilage, in-
dicative of proteoglycan replenishment8,23, however, this
may not guarantee satisfactory mechanical quality8.
In this study, T2 mapping and dGEMRIC techniques were
used to evaluate cartilage repair approximately 1 year after
ACT surgery. Particularly, the study aimed to assess
whether the macromolecular status of repair tissue could
be characterized more precisely with a combination of these
two quantitative MRI techniques.
Materials and methods
ACT
Twelve patients (seven males, ﬁve females, age 37 8
years) with symptomatic local cartilage defects in the
femoral condyle and/or trochlea underwent ACT surgery
(Table I). Out of 13 lesions, six were at the medial femoral
condyle, three at the lateral condyle and four at the trochlea.
Three patients were diagnosed with an osteochondritis dis-
secans (OCD) lesion. Axial alignment of the lower limb was
neutral in all patients and no osteotomies were performed.
Each patient underwent a two-step ACT procedure: an
initial arthroscopic evaluation and a cartilage biopsy of
less-weight bearing area from the lateral aspect of the
intercondylar notch to obtain healthy articular cartilage2.
Chondrocytes were isolated from the cartilage biopsy and
cultured in the laboratory conditions to increase the number
of the cells. After a few weeks cartilage lesion was debrided
in an open procedure from all poor quality cartilage down to
the subchondral bone and until a vertical border of healthy
cartilage was achieved. The cultured autologous chondro-
cytes were injected underneath an autologous periostealﬂap sutured over the debrided cartilage lesion2,4. The study
plan was approved by the local ethical committee.
MRI
MRI measurements were conducted at 10e15 months
after the surgery at 1.5 T (GE Signa 1.5 T, Milwaukee, WI)
using a quadrature transmit and receive imaging extremity
coil. A clinical MRI exam of the knee joint was conducted,
including proton density (PD) -weighted fast spin echo
(FSE) series with fat suppression in coronal (repetition
time (TR) of 3140 ms, echo time (TE) of 25 ms, echo train
length (ETL) of 9, 256 224 imaging matrix, 16-cm ﬁeld-of-
view (FOV), 0.63 mm 0.71 mm in-plane resolution, 3-mm
slice thickness, duration 1 min 57 s), sagittal (TR¼ 3500 ms,
TE¼ 41 ms, ETL¼ 8, 256 256 matrix, FOV¼ 16 cm,
0.63 mm 0.63 mm in-plane resolution, 3-mm slice thick-
ness, duration 1 min 52 s) and axial directions
(TR¼ 2800 ms, TE¼ 25 ms, ETL¼ 8, 256 224 matrix,
FOV¼ 16 cm, 0.63 mm 0.71 mm in-plane resolution,
3-mm slice thickness, duration 1 min 58 s), coronal
PD-weighted FSE series without fat suppression (TR¼
2500 ms, TE¼ 21 ms, ETL¼ 6, 256 256 matrix, 16-cm
FOV, 0.63 mm 0.63 mm in-plane resolution, 3-mm slice
thickness, duration 1 min 47 s), and a sagittal T1-weighted
spin echo series (TR¼ 600 ms, TE¼ 9 ms, 512 320
matrix, 32-cm FOV, 0.63mm 1.00 mm in-plane resolu-
tion, 3 mm slice thickness, duration 3 min 20 s).
The clinical knee examination was followed by T2 relaxa-
tion time mapping. For this a series of sagittal and coronal
single-slice FSE measurements from the center of the graft
were conducted with varying echo time (TR¼ 2000 ms, six
effective TEs between 18 and 110 ms, ETL¼ 9, 512 512
matrix, 16-cm FOV, 0.31 mm 0.31 mm in-plane resolu-
tion, 3-mm slice, total imaging time about 12 min per loca-
tion). After T2 mapping the patient was removed from the
magnet, and for the dGEMRIC experiment an intravenous
injection of 0.2 mM/kg Gd-DTPA2 (Schering AG, Berlin,
Germany) was given, followed by 10 min of joint exercise24.
After a 2-h delay the T1 relaxation time was determined atTable I
Cartilage status in the operated knee joint for the patients who underwent ACT surgery (n¼ 12)
Patient Lesion
site
Lesion size
(mmmm)
ICRS grading of the adjacent
joint areas
Previous operations Comments
TROC MFC LFC MT LT
1 TROC 30 20 IIeIII 0 0 I 0 e e
2 TROC 24 21 III II 0 0 I e e
3 LFC 40 30 0 0 IV 0 0 Removal of OCD fragment OCD lesion
bone graftingþACT
4 MFC 35 27 0 IV 0 0 0 Fixation of the OCD fragment OCD lesion
bone graftingþACT
5 MFC 42 34 0 IV 0 0 0 Removal of OCD fragment OCD lesion
bone graftingþACT
6 LFC 25 25 0 IeII III 0 I Drilling, ACL reconstruction e
7 MFC 24 15 0 III 0 0 0 No e
8 LFC 31 20 0 0 IV 0 0 Removal of OCD fragment OCD lesion
9 TROC 23 11 III 0 III 0 0 Resection of the medial
meniscus
e
LFC 29 19
10 MFC 46 16 0 III 0 0 0 ACL reconstruction e
11 TROC 24 19 III 0 0 0 0 Removal of a loose body e
12 MFC 24 16 0 IIeIII I 0 0 Microfracture, ACL reconstruction e
TROC¼ trochlea of the femur, MFC¼medial condyle of the femur, LFC¼ lateral condyle of the femur, MT¼medial plateau of tibia and
LT¼ lateral plateau of tibia, ACL¼ anterior cruciate ligament.
374 J. E. Kurkija¨rvi et al.: Quantitative MRI of cartilage repairFig. 1. For two representative patients, PD-weighted FSE image with fat suppression (TR/TE¼ 3500/41 ms), and T2 and dGEMRIC maps
overlayed on a PD-weighted image. (A) Patient 12 months after surgery shows an isointense graft with elevated T2 and dGEMRIC values.
A susceptibility artifact from ACL ﬁxation can be seen on PD-weighted image. (B) Patient 14 months after surgery shows a hyperintense graft
with a heterogeneous T2 appearance and dGEMRIC similar to the adjacent and contralateral cartilage. ROIs were manually segmented at the
center of the graft (black arrow). For control cartilage ROIs were segmented adjacent to the graft in the sagittal direction and segmented in the
contralateral cartilage in the coronal direction (white arrow).the location of the T2 measurement using a series of single-
slice inversion recovery FSE measurements in the sagittal
and coronal planes (TR¼ 1800 ms, ETL¼ 9, TE¼ 17 ms,
seven TIs between 50 and 1650 ms, 512 512 matrix,
16-cm FOV, 0.31 mm 0.31 mm in-plane resolution,
3-mm slice, total imaging time about 13 min per slice). Cor-
onal T2 and dGEMRIC data were available for nine grafts.
DATA ANALYSIS
T2 relaxation time maps were calculated by means of
mono-exponential two-parameter ﬁtting in Matlab (version
7.0.4, Mathworks Inc., Natick, MA) using all time points,
while T1 relaxation time maps were calculated using
three-parameter ﬁtting. For the analyses of sagittal and
coronal relaxation time maps, values were determined
from bulk (full thickness) manually segmented regions of
interest (ROIs) matching in location and size (area
6e9 mm2, mean 7 1 mm2) from the central portion of
the graft, as well as from the superﬁcial 50% and deep
50% of tissue in each grafta. Similarly, relaxation time
values were determined for control tissue: in the sagittal
direction from cartilage adjacent to the graft with normal
signal intensity on proton density-weighted images (for
grafts in the posterior part of the joint had anterior control
ROIs and vice versa), and in the coronal direction from
the respective site at the contralateral side of the joint.
The signal intensity of the grafts was visually assessed
from the PD-weighted images having hypointense, isoin-
tense or hyperintense signal as compared to surrounding
cartilage.
aThe words ‘‘superﬁcial’’ and ‘‘deep’’ do not refer to actual histo-
logical zones but are used throughout the text in reference to the
more superﬁcial 50% and more deep 50% of tissue thickness,
respectively.The non-parametric Wilcoxon’s signed ranks test was
used to compare relaxation time values between and within
the graft and adjacent tissue (SPSS Inc., Chicago, IL, USA).
The Pearson correlation coefﬁcient was calculated for T2 and
dGEMRIC values for control and graft tissue to investigate
the empirical relationship between these MRI parameters,
and to assess the correlation between MRI parameters
and graft age (time between surgery and imaging). The de-
pendence between PD-weighted signal intensity and the
quantitative MRI parameters of the grafts was tested using
the KruskaleWallis test. Relaxation time values of grafts at
different anatomical locations (medial condyle, lateral con-
dyle, trochlea) were compared using the ManneWhitney
test.
Results
All 13 ACT grafts were ﬁlled with repair tissue, seven
grafts having a thickness equal to the surrounding cartilage
and six grafts appeared thicker than adjacent cartilage. The
matrix of the grafts was hypertrophied but there was no peri-
osteal hypertrophy seen. The matrix of the grafts appeared
less layered, the classical laminar structure of articular car-
tilage was missing. The matrix of the repair tissue was more
heterogenous on T2 maps than adjacent cartilage. There
were no discernible ﬁssures between the repair and adja-
cent normal tissue. In PD-weighted images the signal inten-
sity of grafts was isointense in four cases, hyperintense in
ﬁve cases and hypointense in four cases, as compared to
surrounding cartilage (Fig. 1) based on a visual inspection.
In the sagittal direction, ACT grafts showed signiﬁcantly
longer T2 values for bulk (Wilcoxon signed ranks test,
P¼ 0.001), superﬁcial (P¼ 0.019) and deep tissue
(P¼ 0.004) as compared to the control ROI (Fig. 2). In the
coronal direction, T2 in bulk (P¼ 0.051) and deep tissue
was signiﬁcantly higher as compared to control (P¼ 0.051
and 0.038, respectively), but not signiﬁcantly different for
375Osteoarthritis and Cartilage Vol. 15, No. 4Fig. 2. For 13 ACT grafts in the sagittal direction, dGEMRIC and T2 values (meanSD) for bulk, superﬁcial and deep tissue ROIs.superﬁcial tissue (P¼ 0.260) (Fig. 3). dGEMRIC assess-
ment in the sagittal and coronal directions did not show a sig-
niﬁcant difference between bulk, superﬁcial or deep tissue as
compared to the control cartilage (P¼ 0.314e0.917). The
differences between superﬁcial and deep graft tissue were
not statistically signiﬁcant for T2 (P¼ 0.374e0.600) or
dGEMRIC (P¼ 0.116e0.678), however, superﬁcial control
cartilage showed longer T2 values as compared to deep tis-
sue in the sagittal and coronal directions (P¼ 0.007 and
0.008, respectively).
For both graft tissue and control cartilage, T2 or dGEM-
RIC values were not signiﬁcantly correlated between the
sagittal and coronal directions. The correlations between
T2 and dGEMRIC values in repair or control tissue were
not statistically signiﬁcant. The dGEMRIC index of grafts
and control tissue was signiﬁcantly correlated for bulk
values in the coronal direction (r¼ 0.74, P¼ 0.024).
There was no dependence between PD-weighted signal
intensity and the quantitative MR parameters of the grafts
or control cartilage (P¼ 0.086e0.951). Grafts at different
anatomical locations (medial condyle, lateral condyle,trochlea) did not show any systematic differences in terms
of T2 or dGEMRIC index. T2 and dGEMRIC did not show
a signiﬁcant correlation with the age of the graft, i.e., the
time between surgery and imaging.
Discussion
In recent years T2 and dGEMRIC techniques have shown
their potential in evaluating themacromolecular status of nor-
mal, degenerated and regenerated articular cartilage. To the
authors’ knowledge, this is the ﬁrst study combining these
two quantitative MRI techniques for the evaluation of ACT
grafts. This was particularly feasible since the repair cartilage
ﬁlled the defect to the level or above the articular surface.
The ﬁrst dGEMRIC study on ACT grafts was conducted
by Gillis et al.23. They observed that after 12 months from
the surgery ﬁve out of six grafts had T1 values comparable
to normal cartilage (>80% of the control native cartilage
values), indicative of proteoglycan replenishment. A more
recent dGEMRIC study with a limited number of patients
was in agreement with the ﬁnding of Gillis et al.23, however,
376 J. E. Kurkija¨rvi et al.: Quantitative MRI of cartilage repairFig. 3. For nine ACT grafts in the coronal direction, dGEMRIC and T2 values (meanSD) for bulk, superﬁcial and deep tissue ROIs.the indentation stiffness for all of the graft tissues was lower
than for normal cartilage indicating incomplete maturation8.
In the present study, there was considerable variation in the
graft dGEMRIC values but no statistically signiﬁcant differ-
ences between graft and control tissue were observed. In-
terestingly, the graft dGEMRIC values in the coronal
direction correlated with that of the contralateral control car-
tilage, further suggesting PG replenishment to the level of
normal cartilage. Occasionally ACT grafts had a higher
dGEMRIC index than control tissue. This ﬁnding may repre-
sent actual PG replenishment above normal levels, how-
ever, it is possible that the T1 relaxivity or native T1 of the
repair tissue may differ from that of normal cartilage and
consequently bias the dGEMRIC results. This issue should
be further investigated in the future.
T2 relaxation time of cartilage is typically short due to ef-
fective dipolar interaction of collagen-associated water,
and varies as a function of the collagen arrangement in the
static magnetic ﬁeld10e11. Consequently, a laminar appear-
ance of cartilage on T2-weighted images or T2 maps is ob-
served when the articular surface is more or lessperpendicular to the direction of the static magnetic ﬁeld.
Earlier, an increase in T2 was found in bovine cartilage after
speciﬁc enzymatic degradation of the superﬁcial collagen
network13. A recent preliminary study using an animal model
for spontaneous cartilage repair showed shorter T2 relaxa-
tion times for ﬁbrous repair tissue than for normal cartilage25.
In the present study, the higher T2 values in ACT repair tis-
sue and the lack of the classical laminar appearance sug-
gest that the repair tissue is different from normal cartilage
and the collagen network probably lacks the preferential
three-dimensional architecture typical to normal adult articu-
lar cartilage. The present and previous results also give rise
to speculation on the different natures of repair tissue pro-
duced by different surgical procedures that could possibly
be discerned using T2 mapping. This is particularly important
since ACT has been reported to produce hyaline-like, ﬁbro-
cartilage or mixed tissue7, and differentiation between these
different types of tissues could possibly help in predicting the
outcome of ACT and other procedures.
The curvature of the joint surfaces and its consequent ef-
fect on the T2 relaxation time of cartilage through the magic
377Osteoarthritis and Cartilage Vol. 15, No. 4angle effect presents a possible source of error when com-
paring sagittal T2 values of the graft to the adjacent cartilage
that may have a somewhat different orientation. Due to the
varying locations of the grafts a single control site could not
be established in the sagittal view. Also, the adjacent carti-
lage, although normal appearing, may have been affected
during or after the implantation. To eliminate these possible
effects measurements in the coronal direction were also
performed. Collagen architecture is known to vary across
the joint and it may be argued that any control tissue adja-
cent or remote to the grafts may have a different collagen
structure due to different topography26. However, given
the reported in vivo variation in T2 relaxation time with orien-
tation27, it is unlikely that the abovementioned factors could
explain the observed elevation in T2 of ACT grafts in both
sagittal and coronal directions.
The study was limited, ﬁrstly, by the number of cases
studied and is to be considered as preliminary. Possible un-
derlying differences in graft MR properties at different ana-
tomical locations may have been masked by the small
number of cases studied. Future studies with larger popula-
tions and follow-up investigations are required to reveal the
potential of the quantitative MRI techniques to track the
progress of cartilage repair. Second, single-slice imaging
was applied in the study and the ACT graft was not fully
covered. The insigniﬁcant correlations of T2 or dGEMRIC
data between sagittal and coronal directions as well as
the relatively high standard deviations of MRI parameters
suggest a signiﬁcant amount of compositional and structural
variation in different parts of the graft as well as some error
in slice repositioning. Multi-slice or three-dimensional relax-
ation time mapping is required for a more comprehensive
view of the graft state. In terms of reproducibility, studies
would also beneﬁt from the use of a leg holder, as previ-
ously used by Mosher et al.28. Third, the use of a series
of FSE measurements as performed in the present study
may provide less accurate absolute values for T2 relaxation
time as suggested by the relatively high standard devia-
tions. The accuracy may have also been affected by the
shortest possible effective TE of 18 ms which is relatively
long for cartilage T2 mapping. Nonetheless, the technique
was capable of revealing T2 differences between graft and
control tissue and therefore proves itself satisfactory.
Recently, efforts in sequence development have produced
more accurate methods for determining cartilage T2 relaxa-
tion time29,30. Finally, the study lacked histological
control data, however, this is very rarely available, and
in the light of previous validation studies of the MR tech-
niques10e14,17,18 we are convinced that the differences
observed are related to actual differences in the macromo-
lecular composition and structure of the grafts.
T2 and dGEMRIC parameters may have contribution
from other than their primary target macromolecular com-
ponents, namely collagen and proteoglycans, respective-
ly31e33. It is, however, evident from previous and
present data that the techniques provide information on
different aspects of the tissue and therefore serve to com-
plement each other. Since both collagen and proteogly-
can components are important in determining the
functional properties of cartilage, a combination of T2
and dGEMRIC techniques provides a more complete
characterization of the repair tissue produced by ACT.
Recently it has been shown that T2 and dGEMRIC mea-
surements can possibly be conducted simultaneously in
the presence of the contrast agent34,35, which would fur-
ther simplify the combination of the techniques and their
clinical application.Acknowledgments
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